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SUMMARY 

Experhental/theoretical correlations are presented which show that sig- 
nificant levels of leading-edge thrust are possible at supersonic speeds for 
certain planforms having the geometry to support the theoretical thrust- 
distribution potential. The new analytical process employed provides not only 
the level of leading-edge thrust attainable but also the spanwise distribution 
of both it and that component of full theoretical thrust which acts as vortex 
lift. Significantly improved aerodynamic performance in the moderate supersonic 
speed regime is indicated. 

INTRODUCTION 

Aerodynamicists have long known of the importance of leading-edge thrust 
to the performance of subsonic airplanes. These forces, which arise from the 
very low pressures induced by the high velocities of the flow around the 
leading edge from a stagnation point beneath the wing, largely counteract the 
drag from the remainder of the airfoil in high-aspect-ratio wings at low speeds. 
Efforts to extend these benefits to the higher speeds have led to the swept 
wings commonly seen in present-day, long-range airplanes. Indeed, according 
to theory, should wing leading edges be swept sufficiently behind the Mach 
line, there is a theoretical potential for leading-edge thrust at supersonic 
speeds. Although some evidence of the attainment of this thurst force has been 
shown at supersonic speeds (for example, ref. l ) ,  it was believed to occur to an 
appreciable extent only for wings with geometric characteristics unsuitable for 
supersonic cruise. Thus, thrust effects at supersonic speeds for vehicles 
designed for supersonic cruise have generally been ignored in supersonic aero- 
dynamic design and analysis. 

It has been common practice to optimize wing lifting efficiency at super- 
sonic speeds through the use of wing surface shaping which at the lift coef- 
ficient for the design of that camber surface precludes attainment of any 
leading-edge thrust. The resultant camber surfaces for full theoretical bene- 
fits, however, may be too severe for incorporation into practical airplane 
designs. The large root chord angle and the resultant large cabin floor angle 
are particularly troublesome. Furthermore, the severe camber surfaces may 
violate the small-disturbance assumptions of the linearized theory on which the 
wing design is based, and the full theoretical benefits of twist and camber are 
seldan, if ever, achieved. In fact, design lift coefficients for supersonic 
wing-surface optimization are almost always lower than the lift coefficient for 
maximum lift-drag ratio in order to meet practical geometric restraints and to 
avoid the point of diminishing aerodynamic returns. If it were possible to 
attain nearly full theoretical leading-edge thrust over even a limited addi- 
tional lift-coefficient range, performance levels approaching the full theoret- 
ical twist and camber levels could be achieved with wings of moderate camber- 
surface severity. 
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A recent experimental investigation (ref. 2) has in fact demonstrated a 
substantial degree of leading-edge thrust at supersonic speeds for a wing hav- 
ing a novel planform shape. It is the purpose of this paper to analyze these 
results in order to understand the cause of the unexpected performance benefit 
and to develop a design rationale for further exploitation of the thrust phe- 
nomena as applied to supersonic cruise vehicles. 
developed analytical methods for the estimation of full theoretical thrust and 
attainable thrust have been employed. It is shown that certain planforms favor 
the development of leading-edge thrust, that significant amounts of: leading- 
edge thrust can be achieved for wings suitable for supersonic cruise, and that a 

process for exploiting this potential gain in cruise aerodynamic performance. 

For that purpose, recently 

new method for prediction of attainable thrust makes possible a rational design i* 
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SYMBOLS 

wing span 

wing chord length 

mean aerodynamic chord 

drag coefficient 

lift coefficient 

pitching-moment coefficient 

axial- or chord-force coefficient 

pressure coefficient 

local thrust coefficient 

total thrust coefficient, 2 ib’2  Ct dy 

lift-drag ratio, CL/C, 

free- s tr eam Mach number 

free-stream Reynolds number 

maximum thickness of local wing chord 

longitudinal distance to local wing leading edge 

spanwise distance from plane of symmetry 

angle of attack, deg 
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B = 4- 
A local leading-edge sweep angle, deg 

Subsc r ip t s :  

C re ferenced  to  mean aerodynamic chord 

1 l i m i t i n g  cond i t ion  

- 

Q n p e r t a i n i n g  to  wing s e c t i o n  normal to l ead ing  edge 

1 max maximum value  

DISCUSS ION 

Experimental/Theoretical Considera t ions  

A comparison of t h e  exper imenta l  and t h e o r e t i c a l  d rag  polars of t h r e e  
s l ende r  supersonic-cru ise  c o n f i g u r a t i o n s  is shown i n  f i g u r e  1. The t w o  on 
the  l e f t ,  which were t e s t e d  a t  a Mach number of 2.7, were t h e  l a s t  competing 
pair  i n  t h e  n a t i o n a l  SST program. The conf igu ra t ion  on t h e  r i g h t ,  which is 
a NASA concept ( r e f .  3) of  e s s e n t i a l l y  the  same v in tage ,  w a s  t e s t e d  a t  a Mach 
number of 2.6. A l l  were t e s t e d  i n  t h e  Langley Uni ta ry  P lan  Wind Tunnel a t  
a Reynolds number, based on mean aerodynamic chord, of approximately 5 x lo6. 

A l l  t h r e e  conf igu ra t ions  have subsonic  l ead ing  edges over  much of t h e  wing 
span ( t h a t  is, local l ead ing  edge swept behind t h e  Mach l i n e ) .  The g e n e r a l l y  
good agreement between c a l c u l a t i o n  ( r e f s .  4, 5 ,  and 6 )  and experiment i n  which 
measured drag  g e n e r a l l y  exceeds theory  by s m a l l  amounts, i f  any, would sugges t  
some v a l i d i t y  i n  t h e  u s u a l l y  accepted  assumption of no leading-edge t h r u s t  i n  
t he  c a l c u l a t i o n  methods. These d a t a  are c h a r a c t e r i s t i c  of supersonic  drag  
polars a t  des ign  speed, gene ra l ly .  Thus, as  mentioned previous ly ,  supersonic  
des ign  and e v a l u a t i o n  methods have g e n e r a l l y  (and, perhaps,  convenient ly)  
neglec ted  leading-edge t h r u s t .  

E 

'" 

Sane i n s i g h t  i n t o  t h e  l a c k  of  a t ta inment  of s i g n i f i c a n t  amounts of leading-  
edge t h r u s t  a t  c r u i s e  f o r  supersonic-cru ise  conf igu ra t ions  may be gained from 
f i g u r e  2. Here t h e o r e t i c a l  maximum t h r u s t  ( r e f .  7) and b lun tness  or th i ckness  
comparisons are shown (wi th  t h i c k n e s s  somewhat exaggerated f o r  c l a r i t y )  f o r  t w o  
planforms having predominantly subsonic  l ead ing  edges. For t h e  more conven- 
t i o n a l  s t ra ight - leading-edge  wing, where t h e r e  is p o t e n t i a l  f o r  t h u r s t ,  t h e r e  
is l i t t l e  t h i c k n e s s  or b lun tness  f o r  t h e  a t t a i n a b l e  p r e s s u r e s  to  act upon. The 
complex-leading-edge wing, however, w i th  its higher  inboard sweep ( reaching  
almost 80°) and f u l l e r  inboard th i ckness ,  shows a s i g n i f i c a n t  t h r u s t  p o t e n t i a l  
where t h e  geometry f a v o r s  i ts a t ta inment .  Put  another  way, t h e r e  is upwash 
where t h e r e  is th ickness .  Canparisons of experimental  and t h e o r e t i c a l  s t a t i c  
l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  of a wing model having t h e  planform of 
t h i s  complex wing are shown subsequent ly .  
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The model (ref. 2) had a des ign  Mach number of  1.8, a des ign  l i f t  c o e f f i -  
c i e n t  of 0.07, and NACA 65A004 a i r fo i l  s e c t i o n s  and w a s  e s s e n t i a l l y  a wing 
a lone ,  having a small balance housing mounted e s s e n t i a l l y  symmetr ical ly  about  
t h e  camber p lane  and faired smoothly i n t o  t h e  forward s u r f a c e s  of t h e  wing. 
As shown i n  f i g u r e  3 ,  tests were conducted a t  t h e  des ign  Mach number of 1.8 
and a t  a Reynolds number based on mean aerodynamic chord of 2.07 x l o 6 .  
t h e o r e t i c a l  data were ob ta ined  through u s e  of  a computing program desc r ibed  i n  
r e fe rences  8 ,  9,  and 10.  This  program provides  estimates of aerodynamic per for -  
mance based on numerical  s o l u t i o n s  of l i nea r i zed - theo ry  i n t e g r a l  equat ions.  A s  
an op t ion ,  t h e  program provides  performance estimates for t h e  case where local 
pressures are l imi t ed  to  some f r a c t i o n  of  t h e  vacuum p r e s s u r e  ( i n  t h i s  case, 
0.75).  
computing program described i n  r e fe rence  7. The estimate of vo r t ex  l i f t  - a 
subject  e x t e n s i v e l y  treated i n  r e fe rence  11 - w a s  ob ta ined  by us ing  t h e  Polhamus 

. leading-edge-suction analogy (ref.  1 2 ) ,  and apply ing  it to t h e  leading-edge- 
t h r u s t  estimate. The t h r u s t  or vo r t ex  increments  were added v e c t o r i a l l y  to  t h e  
results from t h e  basic l inea r i zed - theo ry  computing program, neg lec t ing  t h e  addi- 
t i o n a l  s i n  a and cos ct surface-boundary-condition terms employed i n  r e f e r -  
ence 12, s i n c e  t h e  c a l c u l a t i o n s  were l imi ted  to  small ang le s  of attack. Compare 
f i r s t  t h e  experimental  data wi th  t h e  no-leading-edge-thrust  l i n e a r  t heo ry  
without  p re s su re -coe f f i c i en t  l i m i t i n g  or cons ide ra t ion  of  vo r t ex  l i f t .  
experimental  n o n l i n e a r i t i e s  i n  t h e  l i f t  curve and i n  t h e  p i t c h i n g  moment, i n  
particular,  are no t  represented  by theory ,  nor is t h e r e  adequate  r e p r e s e n t a t i o n  
of l i f t - d r a g  ra t io  a t  optimum l i f t  ( l i f t  c o e f f i c i e n t  f o r  maximum l i f t - d r a g  
r a t io ) .  A r b i t r a r i l y  l i m i t i n g  t h e  l i nea r - theo ry  p r e s s u r e  c o e f f i c i e n t s  (which 
might otherwise be below vacuum) to  3/4 vacuum r e s u l t s  i n  t h e  dashed curves.  
B r e a k s  are now seen i n  t h e  theo ry  curves  which would seem to  r e s u l t  from s i g n i f -  
i c a n t  and p rogres s ive  l i f t  losses from t h e  t i p  r eg ion  inboard,  as i n d i c a t e d  by 
the  s e v e r i t y  o f  t h e  pitching-moment n o n l i n e a r i t y .  Thus, it would seem t h a t  
t heo ry  without  p re s su re  c o n s t r a i n t  c a l l s  f o r  p o t e n t i a l  f low pressures which 
phys ica l ly  cannot  be achieved. 
e x i s t e d .  
Polhamus v o r t e x - l i f t  analogy ( r e f .  12) applies, normal-force increments repre- 
s e n t i n g  t h e  e f f e c t s  of t h e  leading-edge separated vor t ex  flow were then applied 
to  t h e  l i m i t e d  l i nea r - theo ry  va lues .  The r e s u l t i n g  t h e o r e t i c a l  va lues  are seen  
i n  f i g u r e  3 as t h e  long-dash-short-dash curve.  
theory  wi th  vo r t ex  l i f t ) ,  a l l  parameters  cons idered ,  is c e r t a i n l y  an improve- 
ment, bu t  t h e r e  remains a large d iscrepancy  i n  maximum l i f t - d r a g  ra t io  beyond 
t h a t  which might have a r i s e n  from t h e  0.00044 increment by which theo ry  
ove rp red ic t s  z e r o - l i f t  drag c o e f f i c i e n t  (see r e f .  2 ) .  

The 

Theore t i ca l  leading-edge-thrust  estimates were ob ta ined  from a 

The 

Sane o the r  flow mechanism must t h e r e f o r e  have 
Assuming t h a t ,  when p o t e n t i a l  f low cannot  be f u l l y  maintained,  t h e  

T h i s  method ( l i m i t e d  l i n e a r  

On the  assumption t h a t  prior to mani fes t ing  i t s e l f  as vo r t ex  l i f t ,  
some leading-edge t h r u s t  might, indeed, have occurred ,  t h e  curve showing t h e  
pressure-coefficient-limited l i n e a r  t heo ry  wi thout  vo r t ex  l i f t  b u t  wi th  f u l l  
t h e o r e t i c a l  t h r u s t  is presented.  
improved. There remains, however, a problem beyond p r e d i c t i n g  leading-edge 
t h r u s t  or vor tex  l i f t  a t  supe r son ic  speeds, and t h a t  is t h e  a n a l y t i c a l  repre- 
s e n t a t i o n  of  t he  t r a n s i t i o n  from t h e  f u l l  t h r u s t i n g  mode t o  t h e  f u l l  vortex- 
l i f t  mode. 

Agreement a t  maximum l i f t -drag  ra t io  is much 
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New Analytical Method 

A new method (ref. 13)  for estimation of attainable thrust has been devel- 
oped and the key features thereof are presented in figure 4. 
simple sweep theory to wings of arbitrary planform to permit two-dimensional 
analysis. A comprehensive survey of two-dimensional data is correlated to 
provide limiting-pressure restraints as a function of these normal Mach and 
Reynolds numbers. Correlation equations derived from theoretical two- 
dimensional data then provide thrust-coefficient limitation as a function of 
theoretical thrust, empirically limited pressure, and airfoil section param- 
eters. With these relationships programmed as a subroutine in existing 

might contain a component of vortex lift) is directly available for use in lift 
and drag estimation. These lift and drag relationships are compatible with the 
Polhamus leading-edge-suction analogy for fully detached leading-edge flow with 
vortex-induced reattachment when the analogy is taken to be the limiting case 
of a gradual rotation of the full suction vector as leading-edge thrust is lost. 
Thus, the method does provide a rational analytical means for making the transi- 
tion from the full thrust mode to that of full vortex lift. 

The method applies 

4 

i lifting-surface programs, spanwise distribution of attainable thrust (which 
t 

In figure 5, which continues consideration of the complex configuration 
of figure 2, experimental axial-force coefficient - a parameter sensitive to 
leading-edge thrust - is compared over the lift range with theoretical values 
for full leading-edge thrust and no leading-edge thrust, as well as for attain- 
able thrust frau the new method (ref. 13). The previously mentioned increment 
in drag is removed so that experiment and theory coincide at the design lift 
coefficient (0 .07 ) .  In addition to the basic curve containing the axial-force 
component of both the attainable leading-edge thrust and attainable vortex-lift 
vectors, a curve containing only the attainable-thrust component is shown. The 
favorable and unfavorable vortex-lift increments between these two curves at 
positive and negative lifts, respectively, are unrealistically large because the 
method of calculation contains the assumption that the vortex-lift vector is 
applied normal to the camber surface right at the leading edge where surface 
slope is greatest. Newer techniques provide for application farther back on the 
surface so as to be more in keeping with actual flow physics. The main point of 
this figure, however, is to show that not only is a significant amount of exper- 
imental leading-edge thrust indicated, but a reasonably good representation of 
experiment by the new method is obtained in the positive-lift range up to lift 
coefficients of approximately 0.3. 

I 
Returning to the lift-drag-ratio comparisons between theory and experiment, 

the attainable curve in figure 6 is seen to agree with the full-thrust values 
in a very limited low-lift range. 
agreement to the highest values shown, the new method provides that less and 
less of the leading-edge force be manifested as thrust, and more and more be 
manifested as vortex lift. The inset flow-visualization photographs, taken at 
the conditions represented by the solid symbols, are included to provide an 
understanding of the flaw physics at those points. The upper pair of photo- 
graphs are of the upper surfaces of the model with a fluorescent oil coating, 
which, under the action of the flow, has essentially stabilized at each of the 
two conditions. 
quadrant of the model as it is immersed in humid, partially condensed flow and 

From the low lift-coefficient values of such 

The picture at the right is taken from above the right rear 
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i l l u m i n a t e d  by a t h i n  f a n  o f  i n t e n s e  l i g h t  p o s i t i o n e d  normal to  t h e  f l o w .  
S t rong  v o r t i c e s  appear a t  t h i s  h i g h - l i f t  c o n d i t i o n  as t h e  pair o f  dark circles 
located above the wing s u r f a c e  about midway between t h e  wing l e a d i n g  edges 
and t h e  model p l ane  of symmetry. Thus, t h e  upper-surface f l o w  appears to vary 
from t h e  classic po ten t i a l - f low c o n d i t i o n  a t  t h e  l i f t  c o e f f i c i e n t  for which 
t h e  wing camber was designed, through a c o n d i t i o n  i n  which t h e r e  is a mixed 
f law inc lud ing  some v o r t i c i t y ,  to t h e  c o n d i t i o n  a t  h igh  l i f t s  i n  which t h e r e  
is upper-surface v o r t e x  flow wi thou t  reat tachment .  I n  any even t ,  t h e  modified 
l i n e a r  theory method of r e f e r e n c e  13, which attempts to account  f o r  t h e s e  non- 
l i n e a r  types of f low,  p rov ides ,  i n  a d d i t i o n  to an i n d i c a t i o n  of s i g n i f i c a n t  
amounts of leading-edge t h r u s t ,  a s u b s t a n t i a l l y  improved r e p r e s e n t a t i o n  of t h e  
experimental  results. 
and 4O f a l l  j u s t  below and above that f o r  maximum l i f t - d r a g  ratio. 

N o t e  f o r  f u t u r e  r e f e r e n c e  t h a t  a n g l e s  of a t tack o f  2O 

Spanwise D i s t r i b u t i o n  of Thrus t  

With supe r son ic  t h r u s t  d i s t r i b u t i o n  being so c r i t i c a l l y  dependent upon t h e  
degree to which t h e  l e a d i n g  edge is swept behind t h e  Mach l i n e ,  c o n s i d e r a t i o n  
of t h e  spanwise d i s t r i b u t i o n  of t h r u s t  i n  f i g u r e  7 beg ins  with t h e  spanwise 
d i s t r i b u t i o n  o f  a parameter l/(B cot A )  which is t h e  ratio of t h e  t angen t  o f  
t h e  leading-edge sweep a n g l e  to t h e  t angen t  of t h e  sweep of t h e  Mach l i n e .  
Thus, t h e  higher  t h e  values  of l/(B cot A ) ,  t h e  more subsonic  t h e  l e a d i n g  edge 
is, with the value of u n i t y  r e p r e s e n t i n g  a s o n i c  l ead ing  edge and lesser va lues  
corresponding to  a supe r son ic  l e a d i n g  edge. The c a l c u l a t e d  ( r e f .  13) va lues  
of local t h r u s t  c o e f f i c i e n t  for the experimental  c o n f i g u r a t i o n  a t  test Reynolds 
number ( 2 . 0 7  x lo6) and a t  design Mach number (1.8) are shown d iv ided  by a2.  
This  is a convenient way to expres s  local t h r u s t ,  s i n c e  t h e o r e t i c a l  maximum 
t h r u s t  c o e f f i c i e n t  is a direct f u n c t i o n  of and t h e  a i m  h e r e  is to show t h a t  
as a n g l e  of at tack is inc reased  t h e  p o r t i o n  o f  maximum theoretical t h r u s t  which 
appears to be a t t a i n a b l e  becomes smaller. I t  should be recalled t h a t  t h e  theo ry  
assumes t h a t  a t t a i n a b l e  t h r u s t  is t h a t  component o f  maximum t h e o r e t i c a l  t h r u s t  
which m a n i f e s t s  i t s e l f  as t h r u s t ,  whi le  t h e  normal component of t h a t  t h e o r e t i c a l  
maximum man i fe s t s  itself as v o r t e x  l i f t ,  with t h e  d i f f e r e n c e  between the Ct,max 
and Ct curves  d e f i n i n g  t h e  l o c a t i o n  and i n t e n s i t y  o f  t h e  la t ter .  Thus, theo- 
r e t i c a l l y ,  the loss of t h r u s t  and t h e  a t t e n d a n t  development of v o r t e x  l i f t  
begins  outboard and moves p r o g r e s s i v e l y  inboard as ang le  o f  a t tack is increased.  
Th i s  a n a l y t i c a l  deg rada t ion  i n  p e r c e n t  of maximum theoretical t h r u s t  and t h e  
corresponding i n c r e a s e  i n  v o r t e x  lift as ang le  of attack is inc reased  from 2O 
to 4O i n  t h i s  f i g u r e  correspond to t h e  l i f t - d r a g - r a t i o  decrements between f u l l  
and a t t a i n a b l e  t h r u s t  a t  t h e s e  t w o  ang le s  i n  f i g u r e  6.  The c a l c u l a t e d  va lues  
of both f i g u r e s  6 and 7 i n d i c a t e  t h e  e f f e c t  of c o n s i d e r a b l e  v o r t i c i t y  a t  t h e  
higher  ang le  ( 4 O ) ,  wi th  t h e  former ( f i g .  6) prov id ing  s t r o n g  experimental  evi-  
dence i n  t h e  corresponding oil-flow photograph. 

ct2 

To p reven t  an assumption t h a t  a t ta inable  t h r u s t  decreases with i n c r e a s i n g  
a n g l e  of a t tack,  t h e  remaining t h r u s t - d i s t r i b u t i o n  f i g u r e s ,  beginning with f i g -  
u r e  8, d e a l  i n  a b s o l u t e  va lues  of c a l c u l a t e d  local t h r u s t  c o e f f i c i e n t  a t  t h e  
t w o  ang le s  of at tack of 2O and 4O. I n  fact, t h e s e  f i g u r e s  show t h a t  calculated 
a t t a i n a b l e  t h r u s t  a t  4O exceeds,  i n  most cases, t h e  t h e o r e t i c a l  maximum t h r u s t  
a t  an ang le  of attack of 2O. 
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The c a l c u l a t e d  va lues  of a b s o l u t e  local t h r u s t  c o e f f i c i e n t s  i n  f i g u r e  8 
are f o r  t h e  same cond i t ions  as i n  f i g u r e  7 ,  except  t h a t  va lues  f o r  a f u l l - s c a l e  
Reynolds number of 128 x 106 (corresponding t o  and an a l t i t u d e  of 
17 400 m) have been added. For convenience, t h e  va lue  of t o t a l  t h r u s t  coe f f i -  
c i e n t  CT, which is t w i c e  t h e  i n t e g r a l  of t h e  local c o e f f i c i e n t s ,  is shown €or 
each  Reynolds number. 
semispan and t h e r e  is  approximately a count  (0.0001) d i f f e r e n c e  i n  t h e  total  
t h r u s t  c o e f f i c i e n t s  f o r  Reynolds numbers of 2.07 x l o 6  and 128 x l o 6 ,  with  t h e  
va lue  f o r  128 x 106 being about  t w o  counts  less than t h e  t h e o r e t i c a l  maximum 

l o c a t i o n  of t h r u s t  loss and n e a r l y  f i v e  counts  d i f f e r e n c e  between tunne l  and 
f u l l - s c a l e  Reynolds number, wi th  t h a t  f o r  t h e  la t ter  being approximately ha l f  
the  34-count t h e o r e t i c a l  maximum value.  I n  t h i s  case, t h e  e f f e c t s  of Reynolds 
number on t h r u s t  are seen  to be important ,  bu t  c e r t a i n l y  n o t  cri t ical .  

c = 2 5 . 3  m 

A t  an ang le  of a t t ack  of  2O, t h r u s t  loss begins  near  mid- 

$ value ( f o r  R = 9. A t  4O, however, t h e r e  is an appreciable d i f f e r e n c e  i n  

r 

The local t h r u s t  c o e f f i c i e n t  va lues  of f i  u r e  9 are for t h e  same basic 
conf igu ra t ion  a t  a Reynolds number of 128 x l o z ,  bu t  wi th  another  Mach number 
of 1 . 4  as w e l l  as t h e  o r i g i n a l  1 . 8 .  Although t h e  spanwise l o c a t i o n  of t h r u s t  
loss here  does n o t  appear to be s t r o n g l y  dependent on Mach number, both t h e  
a t t a i n a b l e  (ref.  13) and t h e  t h e o r e t i c a l  maximum values  of total  t h r u s t  appear 
to be very  much so. A t  both ang le s  of a t tack,  a t t a i n a b l e  t h r u s t  a t  a Mach 
number of 1 . 4  is about double t h a t  a t  a Mach number of 1 . 8 ,  wi th  some 35 1/2 
counts  appear ing  to  be a t t a i n a b l e  o u t  of  t h e  65 counts  of t h e o r e t i c a l  maximum 
t h r u s t  a t  M = 1 . 4  and c1 = 4O. Because  of t h e  importance of  t h e  leading-  
edge-sweep parameter i n  de te rmina t ion  of wing aerodynamic performance, t h i s  
r e s u l t  sugges t s  t h a t  improved t h r u s t  may be ob ta ined  a t  t h e  o r i g i n a l  Mach 
number of  1 . 8  by i n c r e a s i n g  t h e  sweep ang le  to provide a d i s t r i b u t i o n  of 
1 / ( 6  cot A) equa l  to  t h a t  of t h e  o r i g i n a l  wing a t  M = 1 . 4 .  Fur the r  considera-  
t i o n s  of  t h e  leading-edge-sweep parameter i n  s e l e c t i o n  of wing planforms which 
favor  t h e  a t t a inmen t  of leading-edge t h r u s t  and t h e  a t t e n d a n t  performance bene- 
f i ts  are d i scussed  i n  a subsequent  s ec t ion .  

I n  f i g u r e  10 ,  c a l c u l a t e d  ( r e f .  13) local t h r u s t  c o e f f i c i e n t s  for a Mach 
number of 1 . 8  and a Reynolds number of 128 x l o 6  are shown f o r  t h e  basic con- 
f i g u r a t i o n  wi th  i ts  4-percent-thick wing, and for v a r i a t i o n s  i n  wing th i ckness  
to 3 and 5 percent .  Q u a l i t a t i v e l y ,  t h e  inboard progress ion  of t h r u s t  loss wi th  
decreas ing  t h i c k n e s s  is as would be expected. A s  w a s  the  case for Reynolds 
number v a r i a t i o n  i n  f i g u r e  8 ,  the  e f f e c t  of t h e  p r e s e n t  v a r i a b l e  (t/c) is seen,  
w i th in  t h e  range shown (0.03 to  0.05), to  be important  to leading-edge t h r u s t ,  
bu t  c e r t a i n l y  no t  cr i t ical .  

Thr ust-Dependent L i f  t - D r  ag R a t i o  

The c a l c u l a t e d  t h r u s t  d i s t r i b u t i o n s  ( f i g s .  8 ,  9,  and 1 0 )  have shown, f o r  
t h e  basic s tudy  c o n f i g u r a t i o n  and v a r i a t i o n s  t h e r e o f ,  t h e  dependence of leading-  
edge t h r u s t  on Reynolds number, Mach number, and th i ckness  ra t io .  
addresses t h e  effects of t h e s e  same t h r e e  v a r i a b l e s  (R, M, and t/c) on maxi- 
mum l i f t - d r a g  ra t io ,  inc lud ing  leading-edge t h r u s t  e f f e c t s .  I n  each case, t h e  
t h e o r e t i c a l  curves  for f u l l  leading-edge t h r u s t ,  no leading-edge t h r u s t ,  and 
a t t a i n a b l e  t h r u s t  are shown. Where a v a i l a b l e ,  t h e  appropriate experimental  

F igu re  1 1  
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p o i n t s  are presented.  
is 1 . 8  and t h i c k n e s s  ra t io  is 0.04. 

Unless o the rwise  i n d i c a t e d  on an  abscissa, Mach number 

The l a r g e  e f f e c t  on maximum l i f t - d r a g  ra t io  of t h e  v a r i a t i o n  of Reynolds 
number is almost e n t i r e l y  t h a t  due to t h e  change i n  v i scous  drag. C a l c u l a t e d  
a t t a i n a b l e  t h r u s t  is seen  to  va ry  from about h a l f  t h e  increment between no 
t h r u s t  and f u l l  t h r u s t  a t  t h e  lowest Reynolds number to .about 60 p e r c e n t  a t  
t h e  h i g h e s t  - a small amount compared wi th  t h a t  due t o  t h e  viscous-drag change. 
The agreement between experiment and c a l c u l a t i o n  seems reasonably good. 

8 

The effect on maximum l i f t - d r a g  ra t io  of varying Mach number over t h e  range 
shown is p a r t i c u l a r l y  l a r g e  f o r  t h e  f u l l - t h r u s t  case a t  both t h e  test and f u l l -  
scale Reynolds numbers, w i th  t h e  a t t a i n a b l e - t h r u s t  curve showing a s i m i l a r l y  
l a r g e  v a r i a t i o n  a t  t h e  h igh  Reynolds number. I n  c o n t r a s t ,  t h e  a t t a i n a b l e - t h r u s t  
v a r i a t i o n  a t  tes t  Reynolds number (2 .07  x l o 6 )  f a l l s  about midway between t h e  
f u l l - t h r u s t  values  and t h o s e  for t h e  r e l a t i v e l y  i n s e n s i t i v e  no-thrust  curve.  
T h i s  g r e a t e r  t h r u s t  dependency on Mach number c e r t a i n l y  sugges t s  t h a t  i n  t h e  
e x t r a p o l a t i o n s  of such wind-tunnel data to  f u l l - s c a l e  c o n d i t i o n s  care should be 
taken to account f o r  leading-edge t h r u s t .  Again, agreement between experiment 
and c a l c u l a t i o n  is reasonably good, bu t  p a r t i c u l a r l y  s i g n i f i c a n t  to t h e  designer  
is t h a t  agreement a t  t h e  M = 1 . 5  c o n d i t i o n ,  f o r  it sugges t s  t h a t  ve ry  high 
values  of l / ( B  cot A) (or very l o w  Mach number components norma!. to  t h e  wing 
l ead ing  edge) may be employed without  i n c u r r i n g  f u l l y  separated flow cond i t ions .  

) 

The s h a r p  v a r i a t i o n s  of maximum l i f t - d r a g  ratio wi th  t h i c k n e s s  ra t io  
are aga in  seen to be an e f f e c t  of minimum drag. 
of z e r o - l i f t  wave drag wi th  thickness .  The steeper v a r i a t i o n  a t  t h e  f u l l - s c a l e  
Reynolds number is due to  t h e  combining of t h e  a d d i t i o n a l  viscous-drag decrement 
wi th  t h e  s h a r p l y  changing wave drag to produce, as t h i c k n e s s  is reduced, very 
low va lues  of minimum drag  and consequent ly  high l i f t - d r a g  ratios. An i n t e r e s t -  
i n g  a d d i t i o n a l  p o i n t  is t h a t ,  a t  f u l l - s c a l e  Reynolds number, va lues  of maximum 
l i f t - d r a g  ra t io  corresponding t o  t h e  a t t a i n a b l e - t h r u s t  curve did n o t  s h a r p l y  
f a l l  o f f  toward t h e  no-thrust  curve as t h i c k n e s s  decreased. 

Here, it is a l a r g e  v a r i a t i o n  

I t  has been noted t h a t  supersonic-cruise  des igns  have g e n e r a l l y  been based 
on a n a l y t i c a l  methods which excluded leading-edge t h r u s t  and t h u s  correspond to 
t h e  dashed-curve va lues  of f i g u r e  1 1 .  However, as has  been seen  here ,  s i g n i f i -  
c a n t  amounts of leading-edge t h r u s t  can be generated f o r  a c e r t a i n  class o f  
supe r son ic  wings. Furthermore, as i n d i c a t e d  by t h e  a n a l y t i c a l  and experimental  
data shown here,  t h e s e  b e n e f i t s  are s u r p r i s i n g l y  t o l e r a n t  of high values  of 

wings, e a r l y  o n s e t  of f u l l y  s e p a r a t e d  flow might have been expected. Thus, 
ve ry  high l e v e l s  of supe r son ic  aerodynamic performance seem possible. 

l / (B  cot A )  (lower Mach numbers i n  t h i s  case), where, p a r t i c u l a r l y  f o r  t h i n  4 

I 

Returning to t h e  spanwise v a r i a t i o n  of t h e  design parameter l / ( B  cot A ) ,  
upon which leading-edge t h r u s t  is so dependent - i n  f i g u r e  12 a curve corre- 
sponding to t h e  b a s i c  conf igu ra t ion  a t  a Mach number of 1 . 5 ,  t h e  dashed l i n e  i n  
the  l e f t  p o r t i o n  of t h e  f i g u r e ,  is compared wi th  t h e  curve for t h e  basic config- 
u r a t i o n  a t  t h e  design Mach number 1 . 8  ( t aken  from f i g .  7). I t  is t h i s  much more 
subsonic  leading-edge c o n d i t i o n  which appears to have worked w e l l  a t  
(see f i g .  1 1 ) .  The l e a d i n g  edge of a new wing with a design Mach number of 1 .8 ,  

M = 1 . 5  
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b u t  with t h e  same spanwise schedule  o f  l / ($  cot A )  as t h e  original configura-  
t i o n  A a t  M = 1.5, is de f ined  by t h e  ind ica t ed  i n t e g r a t i o n  of t h e  dashed 
curve. A f u r t h e r  per turba t ion  which would depa r t  from conf igu ra t ion  B by 
t r a d i n g  toward a lower sweep, s h o r t e r  outboard panel and to  a lower th i ckness  
( 3  percent) is shown on t h e  r i g h t  i n  f i g u r e  12 as  conf igu ra t ion  C. Here t h e  
r a t i o n a l e  w a s  to fo rego  t h r u s t  on t h e  outboard panel ,  where a t t a i n a b l e  t h r u s t  
t ends  to be small  and s e n s i t i v e  to  ang le  of  a t tack,  and to achieve lower zero- 
lift wave drag. 
chord. 

N o t e  t h a t  a l l  wings shown have t h e  same wing area and t i p  

Ca lcu la t ed  maximum l i f t - d r a g  ratio and t h e  product  of it and Mach number 
are shown f o r  4-percent- thick ve r s ions  of wings A and B a t  Mach numbers 1.5  
and 1.8  and a t  test and f u l l - s c a l e  Reynolds numbers i n  f i g u r e  1 3 .  The a v a i l a b l e  
corresponding experimental va lues  are also shown as circular symbols. A t  f u l l -  
scale Reynolds number, both (L/D)max and M(L/D)max are higher  f o r  wing B a t  
M = 1.8 than  f o r  wing A a t  e i t h e r  Mach number. Conf igura t ion  B is such, how- 
eve r ,  t h a t  s eve re  s t r u c t u r a l  or low-speed l o n g i t u d i n a l - s t a b i l i t y  problems might 
be encountered. The somewhat more practical  conf igu ra t ion  C, t h e  simple var ia -  
t i o n  of conf igu ra t ion  B, is seen  to outperform both A and B. Fu r the r  per turba-  
t i o n s  should produce even better r e s u l t s .  There remains, however, a need f o r  
f u r t h e r  experimental  v e r i f i c a t i o n .  

Add i t iona l  D e s  i gn Cons i der a t ions  

A broader view of wings designed to operate a t  cruise wi th  a s i g n i f i c a n t  
amount of leading-edge t h r u s t  allows several design-oriented obse rva t ions  t o  be 
made wi th  t h e  a i d  of f i g u r e  14. I n  t h i s  f i g u r e ,  t h e  planform of t h e  p r e s e n t  
s tudy  is  shown shaded and superimposed on t h e  con ta in ing  d e l t a  planform. Recog- 
n i z ing  t h e  seeming i n e v i t a b l e  shr inkage  i n  wing s i z e  ( to reduce wet ted  area and 
weight) i n  t h e  success ive  stages of design cyc l ing  from t h e  i n i t i a l  concept ,  t h e  
lower ha l f  of t h e  planform f i g u r e  w a s  prepared to show t h e  con ta in ing  d e l t a  and 
a shrunken ve r s ion  thereof  having t h e  same planform area as t h e  shaded part of 
t h e  upper h a l f .  Immediately apparent  is its much-reduced e f f e c t i v e  l i f t i n g  
l e n g t h  and s h o r t e r  span compared wi th  t h e  i n i t i a l  shaded planform. Consider ing 
t h a t  supersonic  drag  due to l i f t  is an inve r se  f u n c t i o n  of t h e  combination of 
t h e  square  of t h e  l i f t i n g  l e n g t h  and t h e  square  of t he  span (see r e f .  141, it is 
c r i t i c a l l y  important to aerodynamic performance to be p a r t i c u l a r l y  s e l e c t i v e  i n  
reducing wing area. The shaded planform reduces wing area but  p re se rves  t h e  
o v e r a l l  l e n g t h  and span, and t h u s  should tend to  re ta in  t h e  aerodynamic e f f i -  
c iency  of t h e  con ta in ing  d e l t a .  Another p o i n t  regard ing  t h e  shaded planform is 
t h a t  s t r u c t u r a l l y  it should t end  to  resemble a wing having t h e  planform repre- 
sen ted  by t h e  shaded area rearward of  t h e  short-dash l i n e ,  bu t  to  which has  been 
added a forward strake. 

A f i n a l  p o i n t  t o  be made through t h i s  f i g u r e  is i n  regard  to  t rea tment  of 
t h e  planform a t  t h e  wing tip. It is sugges ted  t h a t  t h e  wing outer panel  be 
tailored to provide t h a t  vo r t ex  flow i n i t i a t e  a long  t h e  l ead ing  edge, provid ing  
no t  o n l y  f o r  its s u c t i o n  e f f e c t  on t h e  upper s u r f a c e ,  b u t  f o r  a vortex-induced 
f law reat tachment  and its scavenging e f f e c t  over t h e  t i p  area which might o ther -  
w i s e  exper ience  f low separation as i n  t h e  i n s e t  ske t ch  a t  t h e  bottom of t h e  
f i g u r e .  
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CONCLUDING REMARKS 

There are s e v e r a l  obse rva t ions  growing o u t  of t h e  p r e s e n t  s t u d y  which 
should be of i n t e r e s t  to t h e  des igner  of supersonic-cru ise  veh ic l e s .  Foremost 
is t h a t  experimental  r e s u l t s  i n d i c a t e  t h e  presence  of s i g n i f i c a n t  amounts of 
leading-edge t h r u s t  a t  supe r son ic  speeds.  Furthermore,  t h e r e  is a new method- 
ology f o r  t h e  p r e d i c t i o n  of a t t a i n a b l e  leading-edge t h r u s t  and/or t h a t  component 
of t h r u s t  which acts as vor t ex  lift. There is, as w e l l ,  a new class of super-  
s o n i c  wings which matches t h e  t h e o r e t i c a l  t h r u s t - d i s t r i b u t i o n  p o t e n t i a l  wi th  

n e s s ) .  These wings should lead to h igher  maximum l i f t - d r a g  ratios a t  h igher  
l i f t  c o e f f i c i e n t s .  Noting t h a t  wi th  t h e  a t t a inmen t  of s u b s t a n t i a l  amounts of 
leading-edge t h r u s t  a t  supe r son ic  speeds i n c r e a s i n g  wi th  d iminish ing  Mach 
numbers, e f f o r t s  to s i g n i f i c a n t l y  improve a i r p l a n e  range should  g ive  r ise  to  
s e r i o u s  cons ide ra t ion  of lower supersonic-cru ise  speeds (of t h e  order of a Mach 
number of  2 or less). These lower speeds should  o f f e r  more speed-campatible 
airframes and propuls ion  systems. 

suppor t ing  a i r f o i l  geometry ( t h a t  is, which places upwash where t h e r e  is blunt-  '?  

I 
I 
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Figure 4.- Key features of attainable-thrust prediction method. 
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